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a b s t r a c t
Ignition of solid combustible materials can occur at atmospheric pressures lower than standard either in
high altitude environments or inside pressurized vehicles such as aircraft and spacecraft. NASA’s latest
space exploration vehicles have a cabin atmosphere of reduced pressure and increased oxygen concen-
tration. Recent piloted ignition experiments indicate that ignition times are reduced under these environ-
mental conditions compared to normal atmospheric conditions, suggesting that the critical mass flux at
ignition may also be reduced. Both effects may result in an increased fire risk of combustible solid mate-
rials in reduced pressure environments that warrant further investigation. As a result, a series of exper-
iments are conducted to explicitly measure fuel mass flux at ignition and ignition delay time as a function
of ambient pressure for the piloted ignition of PMMA under external radiant heating. Experimental find-
ings reveal that ignition time and the fuel mass flux at ignition decrease when ambient pressure is low-
ered, proving with the latter what earlier authors had inferred. It is concluded that the reduced pressure
environment results in smaller convective heat losses from the heated material to the surroundings,
allowing for the material to heat more rapidly and pyrolyze faster. It is also proposed that a lower mass
flux of volatiles is required to reach the lean flammability limit of the gases near the pilot at reduced pres-
sures, due mainly to a reduced oxygen concentration, an enlarged boundary layer, and a thicker fuel spe-
cies profile.
 2010 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction
Fires can occur in lower than standard atmospheric pressure
either in natural high altitude environments or inside pressurized
vehicles such as aircraft and spacecraft. Ambient pressures at high
altitude locations such as Lhasa, a city in Qinghai-Tibet Plateau at
approximately 3650 m above sea level are about 67 kPa, which is
34% lower than standard atmosphere (101 kPa, 21% O2). Typically
aircraft cabin air is pressurized to an equivalent ‘‘cabin altitude’’
between 1500 and 2400 m (84–75 kPa) following FAA regulations
[1] to enable passenger comfort while minimizing the fuselage
structure fatigue. Furthermore, the cabin environment of NASA’s
latest generation of spacecraft (Orion Crew Exploration Vehicle, Al-
tair Lunar Lander) and future lunar habitats has lower pressures
and increased oxygen concentrations (55–70 kPa, 27–32% O2) than
standard atmosphere [2]. These new environment conditions pres-
ent several advantages, such as lower internal vehicle pressures, a
reduced risk of decompression sickness during extra-vehicular
activities (EVA) and shorter pre-breathing times required for EVA
preparation. However, they may increase material flammability
due to higher flame temperatures (attributed to enhanced oxygen)
and reduced convective heat losses from heated surfaces (attrib-
uted to reduced pressure). They may also affect gas phase pro-
cesses related to material flammability such as time to reach a
flammable mixture in the gas, and the gaseous mixture ignition
induction time. These effects may have potential consequences in
the evaluation of the fire risk of materials under low pressure envi-
ronmental conditions and consequently warrant attention.
Experiments conducted in Lhasa on the spontaneous ignition of
wood [3] have shown a considerable reduction in ignition delay
time when compared to similar experiments at standard atmo-
sphere. Recent work [4,5] on piloted ignition of PMMA show that
ignition delay times decrease under low pressure and high oxygen
concentration. Additional studies performed with aerospace mate-
rials [6] determined the flammability pressure thresholds, i.e. max-
imum pressure in which the sample would self extinguish in 99.8%
O2 environments to be between 2.7 and 6.2 kPa. The mechanisms
responsible for these trends are not entirely understood. However,
since piloted ignition is associated with reaching a critical mass
flux from the fuel surface [7–9], it has been hypothesized that
the reduction in ignition time with decreasing pressure is mainly
due to two effects: firstly, a decrease in the heat transfer coefficient
that reduces the heat losses from the solid fuel to its surroundings,
leading to a faster solid heating process, and secondly, a decrease
in the mass flux from the fuel surface necessary to generate a flam-
mable mixture near the igniter [4,5].
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Although the critical mass flux at ignition has been previously
measured at ambient pressures for a range of oxygen concentra-
tions and variable external heat fluxes [9], we are not aware of
any experiments where mass loss rates at ignition were measured
under reduced atmospheric pressure conditions. Therefore, the
objective of the present work is to measure the fuel mass flux at
ignition in reduced pressures to verify experimentally the mecha-
nisms leading to the reduction of the piloted ignition delay with
pressure.
2. Description of experiments
Measuring the mass flux at ignition with accuracy is notoriously
difficult [10] primarily because the mass change is small. Conse-
quently, its measurement requires precise instrumentation and a
laboratory setting free from external vibrations. The approach fol-
lowed here for the experiments is similar to that of Ref. [9] but
with the experiments performed in a controlled-atmosphere ver-
sion of the Forced-flow Ignition and flame Spread Test (FIST) appa-
ratus [11]. Figure. 1 shows a simplified schematic of the apparatus.
It consists of a small-scale combustion wind tunnel and supporting
instrumentation that is mounted horizontally in a sealed pressure
vessel (Fig. 2) that allows tests to be performed at varied ambient
pressures. The tunnel is 39.2 cm long in the streamwise direction,
14.9 cm wide, and 8 cm high. A fan at the downstream end of the
tunnel induces a forced-flow of oxidizer through the tunnel that
is recirculated inside the pressure vessel. Solid fuel samples, 3 cm
by 3 cm by 1 cm thick, are mounted in the bottom wall of the flow
tunnel and are irradiated with a uniform heat flux by an infrared
radiant heater mounted directly above the sample. Piloted ignition
is induced with an electrically heated 3-mm diameter coiled Kan-
thal wire mounted 10 mm downstream of the sample and centered
5 mm above the tunnel wall. The igniter temperature is kept above
1000 C in all tests. The chamber pressure is varied between 7 kPa
and 100 kPa and is monitored using a pressure transducer. For the
tests reported here, air was used as oxidizer.
To measure the fuel mass loss, the solid fuel sample is placed in-
side an aluminum sample holder insulated with Cotronics ceramic
paper (2 mm thick) on the sides and Cotronics insulating board
(RESCOR-360H, 28 mm thick) on the bottom. The weight of the
sample/holder unit is measured continuously with a Sartorius
WZ214S data logging scale with 0.1 mg resolution that is posi-
tioned below the sample holder. Because the mass loss rate is very
small, the measurements are sensitive to external effects such as
variations in the gas flow over the sample, room vibrations, etc.
To reduce the potential error introduced by these effects, four tests
are conducted for each data point and the values averaged. All the
tests are conducted with commercially available black PMMA (Ato-
glas Type G). The selection of black PMMA was made to have a
material with an emissivity close to unity.
One K-type thermocouple was mounted on the top surface of
the sample. Although care was taken to ensure that the thermo-
couple bead was embedded flush with the sample surface, the
measured temperature is only an approximation of the actual sur-
face temperature due to potential movement of the thermocouple
during heating of the material. However, these inaccuracies are not
sufficiently large to affect the trends observed in the experiments
presented below.
To perform a test, the fan is turned on and the flow is allowed to
reach a steady state. The infrared radiant heater is then turned on
to heat the sample, and the igniter is energized after the measured
surface temperature reaches 280 C. The pyrolyzed vapors leave
the surface of the solid fuel and convect and diffuse downstream
toward the igniter, where the pyrolyzate/air mixture may ignite
if the conditions are appropriate.
The ignition time is measured as the elapsed time between ini-
tiation of the external heat flux and permanent attachment of a dif-
fusion flame at the sample surface (burning). Time to ignition
is judged visually and confirmed by inspection of surface
thermocouple temperature traces and changes in the mass loss.
3. Experimental results
Piloted ignition tests were performed with an applied radiant
heat flux of 16 kW/m2 and a forced air flow of 0.4 m/s, for ambient
pressures ranging from 7 to 100 kPa. Sample surface temperature
and sample mass were recorded until ignition was observed. The
fuel mass flux at ignition is calculated as the slope of the mass loss
time history data during the 5 s window prior to the observed
ignition.
Visual observation of the fuel sample surface and flame charac-
teristics give a first indication of the significant influence that
ambient pressure has on the mechanisms leading to the ignition
of PMMA and on the characteristics of gas above the sample
surface. Figure. 3 shows photographs of two tests, one at 21 kPa
Fig. 1. Simplified schematic of FIST tunnel.
Fig. 2. FIST tunnel and containment chamber.
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(a) and one at 83 kPa (b). The images in Fig. 3 (top row) were taken
during the heating process, approximately at one minute before
ignition. The surface behavior changed significantly depending on
the ambient pressure. At lower pressures the bubble formation
that takes place during the pyrolysis of the PMMA occurred earlier,
the size of the bubbles was considerably smaller and the bursting
of the bubbles occurred in a less violent manner. The characteris-
tics of the flame that is established over the solid surface after igni-
tion is also notable different (Fig. 3 – bottom row). At low pressure
the flame is bluer, of rounder shape and more separated from the
solid surface than at standard pressure. These visual observations
indicate that the effect of pressure on the ignition of solid combus-
tibles may be complex, affecting the heating of the solid, its pyro-
lysis or gasification process, and the characteristics of the gas
above the solid surface.
The data from the surface thermocouple and the load cell are
used to obtain histories of surface temperature and sample mass
loss, respectively. Figure. 4 compares measured surface tempera-
ture and mass loss for four representative experiments performed
at ambient pressures of 21, 55, 83 and 100 kPa. The top curves cor-
respond to the sample mass loss and the lower curves to surface
temperatures. Time zero corresponds to the application of the
external heat flux and the sudden change in slope in both temper-
ature and mass loss corresponds to the onset of ignition. It can be
seen that the ignition time decreases considerably as ambient
pressure is reduced, which confirms previous results in comple-
mentary work by the authors [4,5]. These four tests show a clear
difference in the surface temperature and mass loss histories with
pressure. As the pressure is reduced, the surface temperature and
mass loss increase faster. The differences in the traces reveal the
influence of pressure on the sample heating. The fluctuations in
the measured surface temperature appear to be the result of move-
ments of the thermocouple bead due to the PMMAmelting and the
bubbling during pyrolysis that as indicated above is more intense
at increased pressure. The surface temperature at ignition is
slightly higher at lower pressures. The mass loss traces show that
the cumulative mass loss prior to ignition decreases as pressure
is reduced. This is a novel observation that may have notable impli-
cations in material flammability issues. Data similar to that pre-
sented in Fig. 4 are used to calculate the variation with pressure
of the time to ignition, the total mass lost at ignition, and the mass
flux at ignition.
Fig. 5 shows the measured variation of the ignition delay time
(tig) with pressure. For the range of pressures tested the ignition
time decreases linearly with ambient pressure as: tig = 4.57P +
358.51 (tig in s and P in kPa). Ignition was not attained for pressures
below 10 kPa. For the range of pressures considered by NASA for
the latest space exploration vehicles (58.6–68.6 kPa), the ignition
delay time is reduced by 18–24% when compared to sea level con-
ditions. In the present experiments the boundary between ignition
and no ignition at low pressure is sharper than that observed in the
work of Ref. [5]. This may be due to differences in the air flow
(a) 21 kPa (b) 83 kPa
Fig. 3. Visual observations at different pressures (a) 21 kPa and (b) 83 kPa. Pictures above were taken 1 min before ignition, while those below correspond to sustained
burning of the solid fuel.
Fig. 4. Comparison of four ignition delay tests at different ambient pressures. Top
curves represent sample mass loss and the bottom curves sample surface
temperature.
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pattern between the two experimental set-ups in part created by
flow perturbations caused by the air gap surrounding the isolated
sample holder needed for mass loss measurements and by the a
reconfiguration of the tunnel ceiling.
Figure. 6 shows the average total mass loss for the tests per-
formed at different pressures. The total mass loss is calculated as
the sample initial mass minus the sample mass at ignition. On
average, samples show lower mass loss for ignition under reduced
ambient pressure. Although this is not a typically measured quan-
tity, it provides an indication that the total amount of fuel volatiles
required for ignition is smaller at lower pressures.
Figure. 7 depicts the measurements of the fuel mass flux at igni-
tion with pressure. This is an important parameter in the fire sci-
ence literature because it describes the process leading to the
ignition of a solid combustible material in a more physically cor-
rect manner than other ignition criteria, such as a critical surface
temperature [7,9]. It is related to the attainment of a flammable
mixture near the ignition source (pilot) and often referred to as
the critical mass flux, critical mass loss rate, or critical volatile flow
rate at ignition [12]. It is seen that the fuel mass flux at ignition also
decreases linearly with pressure, although the pressure depen-
dence is weaker than that of the ignition delay time, as shown by
the gentle slope of the regression line: _m000 = 0.005P + 1.48 (P in
kPa and _m000 in g/m
2 s). The mass flux at ignition varies by 8–11%
for the range of pressures considered by NASA (58.6–68.6 kPa)
when compared to 101 kPa. The mass flux at ignition obtained at
sea level conditions (Fig. 7, approximately 2.1 g/m2 s for 100 kPa
and an incident heat flux of 16 kW/m2) is in good agreement with
previously reported values ( _m00=1.83–2.05 g/m2 s for heat fluxes
ranging from 13 to 33 kW/m2 in Ref. [8], _m00 ¼ 1:85 g=m2s at
16 kW/m2 in Ref. [9]).
4. Discussion
The piloted ignition of a thermally irradiated combustible solid
can be described as a sequence of three events [13,14]: the solid is
heated and pyrolyzed; the pyrolyzate are transported and mixed
with the oxidizer to form a combustible mixture; and finally this
mixture is ignited by the pilot. As a result, the ignition delay time
can be viewed as the sum of three characteristic times: heating
time, mixing or transport time and chemical induction time.
Depending on the ignition process and ambient conditions, the rel-
ative importance of each of these steps might vary. For ignition un-
der low external heat fluxes, such as those presented in this paper,
the solid heating time is of the order of hundreds of seconds which
significantly larger than the transport/mixing time and the thermal
induction time, which are on the order of seconds to milliseconds.
Since changes in ambient pressure influence the heating time, they
consequently will have a first order effect on the ignition delay
time.
4.1. Solid heating and thermal decomposition
4.1.1. Solid heating
Pressure affects the solid heating time directly through the con-
vective heat losses from the solid surface to the oxidizer flow. For
forced flow over a flat plate, the thickness of the thermal boundary
layer (dt) depends on the problem parameters in the form
dt  xRe1=2Pr1=3, where the Reynolds number is directly proportional
to pressure through the density, resulting in dt  1/P1/2. Conse-
quently as pressure is reduced, the thickness of the thermal bound-
ary layer increases and the temperature gradients at the solid
surface are reduced, resulting in decreased heat losses from the so-
lid to the surrounding gas. An analogous result can be reached by
analyzing the effect of pressure on the convection heat transfer
coefficient. For forced flow the heat transfer coefficient is of the
form h  Re1=2Pr1=3 resulting in h  P1/2. Similarly, for pure natural
convective flow the heat transfer coefficient varies as
h  Gr1=4Pr1=4, where the Grashof number is proportional to the
pressure squared, resulting in h  P1/2. For mixed forced and free
flow over a flat plate the heat transfer coefficient can be approxi-
mated as h  Re1=2Pr1=34
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Gr Pr3
Re2
q
. Thus, regardless of the flow
type (buoyant or forced), simple arguments suggest h  P1/2. Con-
sequently, if pressure is reduced then convective heat losses from
the solid fuel to its surroundings will also be reduced, which in
turn will result in the solid heating more rapidly and earlier fuel
Fig. 5. Ignition delay time vs. pressure.
Fig. 6. Total mass loss prior to Ignition vs. pressure.
Fig. 7. Mass flux at ignition vs. pressure.
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pyrolysis. This effect can be clearly seen in the sample surface tem-
perature histories from Fig. 4, where the traces corresponding to
lower ambient pressure show higher temperatures resulting from
faster heating rates of the PMMA prior to ignition.
Since convective heat losses from the solid to the gas decrease
as pressure is reduced, the effect of reduced pressure could be
interpreted as an effective increase of the net applied external heat
flux. Previous work [7] shows that the surface temperature at igni-
tion increases with the external radiant heat flux, which seems to
corroborate the results presented in Fig. 8. This figure shows that
the ignition temperature is approximately constant for pressures
above 55 kPa, with values around 324–330 C and it slightly in-
creases with decreasing pressure for pressures below 55 kPa,
reaching values around 345 C. The values around 80–100 kPa
seem reasonable considering the wide range of ignition tempera-
tures reported in the literature for piloted ignition of PMMA
(265 C in Ref. [7], 310 C in Ref. [8], 374 C in Ref. [13]).
4.1.2. Solid thermal decomposition
Pyrolysis of PMMA is generally described as an Arrhenius type
reaction. Because the activation energy for PMMA pyrolysis is
large, the first order dependency of solid pyrolysis is on the solid
temperature near the surface. Since the surface temperature is
higher at lower pressure it can be inferred that the pyrolysis rate
would also be higher as pressure is decreased. On the other hand
the thickness of the solid thermal layer decreases as the pressure
is decreased because ignition occurs sooner. It appears that the for-
mer effect is dominant since the experiments of Fig. 4 show an in-
crease in mass loss as the pressure is reduced. Another aspect of
the PMMA thermal decomposition process that should be consid-
ered is the bubble dynamics that affect the in-depth pyrolysis of
the PMMA and the movement of pyrolyzate through the softened
condensed phase [15,16]. As the PMMA is heated by external ther-
mal radiation, it undergoes a glass transition around 100 C. As its
temperature is increased further, the amorphous component of the
polymer continues to soften, the molecules inside the polymer be-
come increasingly mobile, and eventually they depolymerize (un-
zip), forming gaseous compounds (primarily MMA) which
nucleate as bubbles in the softened condensed phase. The resultant
gas bubbles diffuse throughout the softened polymer, eventually
reaching the surface where they burst, exposing subsurface layers
of the polymer to surrounding oxygen. Previous work on the bub-
ble dynamics of PMMA under variable external heat flux and oxy-
gen concentration [15] shows that the mass transfer of pyrolyzate
is not only diffusive but bubble induced, and that consequently the
gasification rate cannot be simply proportional to surface temper-
ature or to energy input. The results of the present work seem to
confirm the previous statement.
Plots of mass loss (g) and mass flux (g/m2 s) as a function of
surface temperature for different ambient pressures as those of
Figs. 9 and 10 show that they are not function of surface tempera-
ture only, at least for pressures lower than 28 kPa. This suggests
that other processes may participate in the thermal decomposition
of the PMMA. In Ref. [15] it is also reported that smaller bubbles
occur with increased oxygen concentration and increased radiant
flux. The present observation that smaller pyrolyzate bubbles ap-
pear at lower pressures is similar to the results of Ref. [14], since
decreasing pressure can be thought of as analogous to an increase
of the net heat flux into the solid. Furthermore the bubbles add
complexity since they alter the optical properties of the polymer
sample and consequently its reflectivity and in-depth radiation
[15]. These effects are complex and their study beyond the scope
of this work.
4.2. Mass flux at ignition
The observed reduction in the mass flux at ignition is attributed
primarily to the attainment of a flammable mixture conditions
near the igniter sooner. This can be explained phenomenologically
by the simple fact that as the total pressure is reduced, the oxygen
concentration is also reduced, therefore less fuel vapor is needed to
reach the lower flammability limit at the pilot. Though the oxidizer
flow velocity is the same in all the tests, the oxidizer mass flow rate
decreases with pressure because the density is reduced. For Lewis
number close to unity the thermal and concentration boundary
Fig. 8. Surface temperature at ignition vs. pressure.
Fig. 9. Mass loss vs. surface temperature.
Fig. 10. Mass flux vs. surface temperature.
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layers are equivalent, thus the concentration boundary layer thick-
ness has a pressure dependence proportional to 1/P1/2. As a result a
reduction in pressure leads to a thicker species boundary layer pro-
file which results in lower species gradients at the solid fuel sur-
face. A reduction of the species concentration gradient at the
surface implies a reduction of the mass flux at the surface and con-
sequently a reduction of the fuel mass flux at ignition as observed
experimentally in Fig. 7. Consequently, the lower flammable limit
at the igniter is achieved at lower fuel mass fluxes as the ambient
pressure is reduced. This conclusion was also reached in a previous
work by the authors [17] where a simple integral boundary layer
analysis was used to demonstrate that as the pressure is reduced,
a lower fuel mass flux is necessary to reach the lower flammable
limit at the igniter. It appears that this is the dominant effect that
is responsible for reduction of the critical mass flux at ignition with
pressure.
5. Conclusion
The present work establishes that a reduction in ambient pres-
sure decreases the ignition delay time and the fuel mass flux at
ignition. Reduced pressure reduces both the heat transfer coeffi-
cient (leading to faster heating of the solid) and the fuel mass flux
necessary to reach the lower flammable limit at the igniter (leading
to ignition at a lower fuel mass flux).
Past work has shown that the mass flux at ignition varies with
applied heat flux and oxygen concentration. In this work we also
show that it varies with ambient pressure. Therefore the critical
mass flux at ignition cannot be considered a single value for a given
material.
These results indicate that solid combustible materials are eas-
ier to ignite in low pressure environments such as those found at
high altitude locations or inside under-pressurized compartments
such as aircraft and spacecraft. This may represent a higher fire
hazard, which may be even more significant if the environment
also includes an elevated oxygen concentration.
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